Background-Mutations in the bmpr2 gene, encoding the type II bone morphogenetic protein (BMP) receptor, have been identified in patients with pulmonary arterial hypertension (PAH), implicating BMP signaling in PAH. The aim of this study was to assess BMP signaling and its physiological effects in a monocrotaline (MCT) model of PAH. Methods and Results-Expression of BMP receptors Ib and II, and Smads 4, 5, 6, and 8, was downregulated in lungs but not kidneys of MCT-treated rats. Smad1 phosphorylation and expression of BMP/Smad target genes id1 and id3 was also reduced, although ERK1/2 and p38 MAPK phosphorylation remained unaffected. BMP receptor and Smad expression, Smad1 phosphorylation, and induction of the BMP/Smad-responsive element of the id1 promoter were reduced in pulmonary artery smooth muscle cells (PASMCs) from MCT-treated rats. As a consequence of impaired BMP/Smad signaling, PASMCs from MCT-treated rats were resistant to apoptosis induced by BMP-4 and BMP-7, and were also resistant to BMP-4 antagonism of proliferation induced by platelet-derived growth factor. Conclusion-BMP signaling and BMP-regulated physiological phenomena are perturbed in MCT-treated rats, lending solid support to the proposed roles for BMP signaling in the pathogenesis of human PAH.
P ulmonary arterial hypertension (PAH) is a rare and often fatal disorder of unknown etiology that occurs either sporadically (idiopathic PAH [IPAH] ) or as an inherited form (familial PAH [FPAH] ), and is characterized by increased pulmonary vascular resistance, which develops as a consequence of vasoconstriction, thrombosis, and vascular remodeling. 1, 2 A key pathological feature of IPAH is remodeling of precapillary pulmonary arteries, where increased proliferation of pulmonary artery smooth muscle cells (PASMCs) and disordered proliferation of endothelial cells results in medial hypertrophy and concentric obliteration of the lumen. 2, 3 Decreased intraluminal space increases the pulmonary vascular resistance, causing right heart failure. Although the etiology of IPAH is not clear, several lines of evidence have implicated bone morphogenetic protein (BMP) receptors, which are members of the transforming growth factor (TGF)-␤ receptor superfamily. 4, 5 The BMP ligands bind to heteromeric complexes of their type I BMP receptors, Bmpr1a (also called ALK-3) and Bmpr1b (also called ALK-6), and the type II BMP receptor (Bmpr2). Signaling proceeds by phosphorylation of the intracellular signaling molecules, Smad1, Smad5, and Smad8, which together with Smad4 are translocated into the nucleus, where they regulate transcription of BMP/Smad-responsive genes, 6 or via Smad-independent pathways involving the MAP kinases p38 MAPK and ERK1/2. 5, 6 Mutations in the bmpr2 gene have been identified in more than 50% of FPAH patients and in 10% to 25% of IPAH patients. 7, 8 These mutations disrupt BMP/Smad-mediated signaling, 9 and potentiate BMP/MAP kinase signaling. 10 Reduced levels of Bmpr1a 11 and Bmpr2 12 were observed in the lungs of patients with FPAH and IPAH, and in patients with PAH secondary to thromboembolic disease, ventricular septal defects, or mitral valve regurgitation. These data suggest a role for BMP signaling in PAH and are supported by observations in experimental animals. [13] [14] [15] Two animal models of IPAH are currently in routine use: one using exposure to hypoxia, and the other using the pyrrolizidine alkaloid monocrotaline (MCT). 16, 17 In both instances, right ventricular hypertrophy and PAH develop. Despite widespread use of the MCT model, no study to date has addressed a role for BMP signaling in MCT-induced PAH. The data that we present in this article illustrate that the BMP/Smad signaling axis in the lung is perturbed in MCT-induced PAH and that this per-turbed signaling has functional consequences for the maintenance of PASMC cell mass, and hence vascular resistance, associated with MCT-induced PAH. As such, these data lend strong support to the proposed roles for dysregulated BMP signaling in the pathogenesis of IPAH.
Methods

Animals and Hemodynamics
The government of the State of Hessen approved all animal procedures. Pulmonary hypertension was induced in adult male SpragueDawley rats (15 per experimental group; Charles River Laboratories) by a single intraperitoneal injection of MCT (60 mg⅐kg Ϫ1 ; Sigma). Animal handling, measurement of hemodynamic parameters, and lung extraction were conducted as described previously. 18, 19 RNA Isolation, Semi-Quantitative PCR, and Real-Time PCR Total RNA was isolated from fresh lung tissue using a Qiagen RNeasy kit (Qiagen). Total RNA was screened for mRNA encoding genes of interest by semi-quantitative RT-PCR 20 using the intronspanning primers indicated in supplemental Table I (available online at http://atvb.ahajournals.org). Cycle numbers lie in the logarithmic phase for each PCR. Quantitative changes in gene expression were also analyzed by quantitative real-time PCR (RNA samples from 5 different animals per group, each sample assessed in duplicate) by the ⌬⌬C t method, 21 using primer pairs indicated in supplemental Table I . The ubiquitiously-expressed hydroxymethylbilane synthase (hmbg) gene was used as a reference.
Protein Isolation and Immunoblotting
Protein extraction from rat lungs, kidneys, and cultured PASMCs and gel electrophoresis and immunoblotting were performed as described previously. 20, 22 Blots were probed with rabbit anti-Smad1, anti-p44/42, anti-p38 p38 MAPK , anti-phospho-p38 p38 MAPK (Thr180/ Tyr182), or mouse anti-phospho-p44/42(Thr202/Tyr204) (Cell Signaling Technology), rabbit anti-Smad5 (Zymed), goat anti-Smad8 and mouse anti-Acvr2a (R&D Systems), rabbit anti-phosphoSmad1(Ser463/ser465) and anti-Smad4 (Upstate), and rabbit antiAvcr1 (Santa Cruz Biotechnology). Rabbit polyclonal antibodies against Bmpr1a, Bmpr1b, and Bmpr2 have been described previously. 23 None of the antibodies used exhibit cross-reaction with related proteins. Mouse anti-␤-actin or anti-␣-tubulin (1:1000; Cell Signaling Technology) served as a loading control. Peroxidase-conjugated secondary antibodies (1:3000 to 1:3500) were from Pierce. Densitometric analysis of protein bands was performed as described previously. 20 
Immunohistochemistry
Elastin and H&E staining, and expression of BMP receptors, Smads, smooth muscle actin (SMA), von Willebrand factor (vWF), and proliferating cell nuclear antigen (PCNA) was assessed on 3-m tissue sections, 18, 19 with mouse anti-SMA (1:850; clone 1A4; Sigma) and anti-vWF (1:800; Dako); rabbit anti-Bmpr1a (1:150), -Bmpr1b (1:150), and -Bmpr2 (1:150) 23 ; and rabbit anti-Smad1, -Smad4 (both at 1:50; Upstate) and -PCNA (1:100; Santa Cruz Biotechnology).
Assessment of Proliferation and Apoptosis of PASMC
Primary rat PASMCs were isolated from the second to the fifth branch of the pulmonary artery 19,24 from saline-treated or MCTtreated rats, 4 weeks after treatment. The proliferation of PASMCs in response to platelet-derived growth factor (PDGF; 20 ng⅐ml Ϫ1 ) applied alone, or together with BMP-4 (20 ng⅐ml Ϫ1 ) was studied in 24-well plates by [ 3 H]thymidine incorporation. 24 For assessment of apoptosis, PASMCs were seeded at 1ϫ10 4 
Luciferase Reporter Assay
PASMCs, seeded in 24-well plates (70% confluent), were transiently transfected with LipofectAMINE (Invitrogen), 25 with pId120, a reporter construct containing a BMP-responsive promoter upstream of a firefly luciferase gene. 26 Alternatively, cells were transfected with pGL3-Basic (containing a promoterless luciferase gene) or pGL3-Control (containing a constitutively-expressed luciferase gene) both from Promega as negative and positive controls, respectively. Cells were incubated with BMP-4 or BMP-7 (20 ng⅐ml Ϫ1 ) for 12 hours. Cells were lysed and processed for determination of firefly luciferase activity as recommended by the manufacturer.
Statistical Treatment of Data
Data are presented as meanϮSD. Differences between groups were analyzed by ANOVA and the Student-Newman-Keul post-hoc test for multiple comparisons, with a probability value Ͻ0.05 regarded as significant.
Results
Induction of PAH and Vascular Remodeling by MCT
Vascular remodeling was evident by thickening of small pulmonary artery vessel walls in rats 4 weeks after MCT administration, together with a significant increase in the right ventricleto-left ventricleϩseptum ratio (supplemental Figure IB , ID, and IG, available online at http://atvb.ahajournals.org), which was not observed in saline-treated control animals (supplemental Figure IA , IC, and IG). These changes were accompanied by an increase in right ventricular systolic pressure (supplemental Figure IE ) and a decrease in the partial pressure of oxygen in arterial blood (supplemental Figure IH) , although no change in systemic arterial pressure was observed (supplemental Figure IF ).
Dysregulated Expression of BMP Signaling Machinery in Lungs From MCT-Treated Rats
A moderate to dramatic decrease in the expression of mRNA encoding Bmpr1b, Bmpr2, and Smads 4, 5, 6, and 8 was observed in the lungs, but not the kidneys, of rats 4 weeks after MCT administration, as assessed by semi-quantitative RT-PCR ( Figure 1A ). Similar data were obtained by real-time RT-PCR ( Figure 1B) , where a significant reduction in levels of mRNA encoding Bmpr1a, Bmpr2, and Smad4 was observed as early as 2 weeks after MCT administration. Four weeks after MCT administration, levels of mRNA encoding all classical BMP receptors and Smads evaluated, and the alternative BMP receptors Acvr1 and Avcr2a, were significantly decreased, although to varying degrees, relative to saline-treated control rats. Because mast cell chymase (Cma1) levels are elevated in the lungs in IPAH patients, 27 and hemoxygenase-1 (Hmox1) levels are elevated in the lungs of MCT-treated experimental animals that develop PAH, 28 we also screened cma1 and hmox1 mRNA levels as positive controls, and both markers were significantly elevated in the lungs, but not the kidneys, of experimental animals.
Reduced expression of BMP receptors and Smads was confirmed at the protein level by immunoblot (Figure 2A) . Quantitation of immunoblot data confirmed a significant decrease in the expression of Bmpr1b and Bmpr2, and Smads 4, 5, and 8 (supplemental Figure II) . Bmpr1a exhibited a trend toward reduced expression; however, this trend did not reach statistical significance, whereas Smad1 levels appeared relatively stable.
On histological examination of lungs of MCT-treated rats, inflammatory infiltrates and vessel wall thickening were uniformly observed ( Figure 3 ). Bmpr1a exhibited a moderate decrease in staining intensity of both the alveolar epithelium (supplemental Figure III) and the smooth muscle layer of large vessels from MCT-treated rats ( Figure 3B ), compared with material from healthy, saline-treated controls ( Figure  3A) . A strong reduction in staining was observed for Bmpr1b ( Figure 3C and 3D) and Bmpr2 ( Figure 3E and 3F) . Notably, loss of Bmpr2 staining in the vascular endothelium of large vessels was observed ( Figure 3F ). In the case of Smad proteins, whereas Smad1 staining appeared relatively unaffected in the airways (supplemental Figure III) and vessels from MCT-treated rats ( Figure 3G and 3H), Smad4 staining was dramatically reduced in the airway epithelium (supplemental Figure III ) and smooth muscle layer of small vessels of MCT-treated rats ( Figure 3I and 3J ). These changes in BMP receptor and Smad expression paralleled trends observed in our RT-PCR and immunoblot analyses. Together, these data document a dramatic reduction in the expression of the BMP signaling machinery in the lungs of MCT-treated rats.
Dysregulated BMP Signaling in Lungs From MCT-Treated Rats
The reduced expression of BMP receptor and Smad proteins observed in the lungs of MCT-treated rats suggested that BMP signaling was most likely also perturbed. Indeed, a dramatic decrease in baseline Smad1 phosphorylation in lung homogenates was observed after MCT-administration ( Figure  4A ). In contrast, baseline levels of phosphorylated ERK1/2 were only slightly reduced, and levels of phosphorylated p38 MAPK were unaffected ( Figure 4A) . Genes encoding the Id family of helix-loop-helix proteins, in particular, Id1, are direct targets of Smad1-dependent BMP signaling, 29 by both BMP-4 and BMP-7. 30 We therefore evaluated expression of the id1, id2, and id3 genes as a read-out of BMP/Smad signaling. In line with our earlier observations, the expression of both id1 and id3 genes was reduced, as assessed by semi-quantitative RT-PCR ( Figure 4B ). Further analysis by real-time RT-PCR indicated that id1 mRNA levels were reduced 2 weeks after MCT-administration, whereas mRNA levels of both id1 and id3 were reduced 4 weeks after MCT administration (⌬⌬C t of Ϫ4.8 and Ϫ2.1, respectively; supplemental Figure IV) . Taken together, these data demonstrate that BMP signaling is impaired in the lungs of MCT-treated rats. This decreased signaling could not be attributed to Smad6, which antagonizes BMP signaling, because levels of mRNA encoding Smad6 were reduced in lungs of MCTtreated rats ( Figure 1A and 1B) . Given the important and opposing roles of Smad and MAP kinase pathways in regulating cell proliferation, we examined cell proliferation in the lungs of MCT-treated rats using PCNA staining as an indicator of proliferating cells. An increased frequency of proliferating cells was observed in the lungs ( Figure 4C , panels a and b), specifically, in the smooth muscle layer of small resistance arteries ( Figure 4C , panels c and d) of MCT-treated rats.
Dysregulated BMP Signaling in PAMSC From MCT-Treated Rats
The PASMC is a key player in the pathogenesis of PAH, [1] [2] [3] and growth and proliferation of PASMCs are regulated by BMP ligands. 30, 31 Because we observed increased proliferation of PASMCs in the lungs of MCT-treated rats ( Figure  4C ), we examined whether PASMCs from MCT-treated rats exhibited altered BMP signaling. Indeed, levels of mRNA encoding Bmpr1b and Bmpr2 and Smad4 were significantly lower in PASMCs from MCT-treated rats, whereas levels of mRNA encoding Bmpr1a and Smad1 levels were not significantly altered between control and MCT-treated groups (⌬⌬C t values between Ϫ1.8 and Ϫ2; Figure 5A ).
Whereas Smad1 protein levels were unchanged between PASMCs from saline-and MCT-treated rats, baseline Smad1 phosphorylation was not evident at all in PASMCs from MCT-treated rats, although it was evident in PASMCs from saline-treated rats ( Figure 5B ). In contrast, ERK1/2 levels and ERK1/2 phosphorylation appeared similar in PASMCs from both saline-and MCT-treated rats ( Figure 5B) .
We then transfected a BMP-responsive promoter placed upstream of a firefly luciferase gene on the pId120 reporter plasmid 26 into PASMCs from saline-and MCT-treated rats. Although this promoter was responsive to stimulation by BMP-4 and BMP-7 in PASMCs from saline-treated rats, the response was significantly (2-to 4-fold) abrogated in PASMCs from MCT-treated rats ( Figure 5C ). Together, these data indicate that signaling by the BMP/Smad axis in PASMCs from MCT-treated rats is impaired.
Proliferation of PASMCs isolated from both saline-and MCT-treated rats was stimulated by PDGF ( Figure 5D ). In PASMCs from saline-treated rats, this effect was antagonized by BMP-4. However, consistent with impaired BMP/Smad signaling in PASMCs from MCT-treated rats, BMP-4 did not antagonize PDGF-induced proliferation in PASMCs from MCT-treated rats ( Figure 5D ). The induction of apoptosis in PASMCs by BMP ligands is well documented. 32, 33 We therefore assessed the induction of apoptosis in PASMCs from saline-and MCT-treated rats by BMP ligands. Consistent with the abrogated BMP/Smad signaling we observed in PASMCs from MCT-treated rats, PASMCs from MCT- treated rats exhibited a 3-fold reduction in apoptosis induced by either BMP-4 or BMP-7 ( Figure 6A and 6B) . Together, these proliferation and apoptosis data indicate that perturbed signaling in MCT-treated rats does have functional consequences for the maintenance of PASMCs cell mass in MCT-treated rats.
Discussion
Members of the TGF-␤ superfamily of growth factors are emerging as important mediators of vascular disorders, including atherosclerosis, restenosis, hereditary hemorrhagic telangiectasia, and PAH. 34 The BMPs and their receptors constitute an important subgroup within this superfamily, having been accredited with roles in the pathogenesis of familial and idiopathic forms of PAH. 2, 4 We assessed the expression and function of the BMP/Smad axis in MCT-induced PAH in rats, a popularly used (albeit poorly understood) model of IPAH. 16, 17 Our data demonstrated pronounced dysregulation of BMP/Smad signaling in MCT-induced PAH in rats, and that this perturbed signaling has functional consequences for the maintenance of PASMC cell mass. The mechanism by which MCT exerts its effect remains unclear. It has been proposed that MCT treatment causes endothelial damage and changes in the extracellular matrix composition and remodeling. 16, 17 However, we demonstrate here that MCT also affects the airways, and PASMCs from MCT-treated rats remain atypical after serial passage, suggesting that persistent changes are induced in that cell type. It could be suggested that MCT induces a transdifferentiation of PASMCs into cells with an altered phenotype; however, these ideas remain entirely speculative.
In a hypoxia-induced PAH model in rats, Takahashi et al 15 demonstrated a downregulation of Bmpr2 in the pulmonary arteries in response to chronic hypoxia. In whole-lung extracts from these rats, phosphorylation of p38 MAPK was also reduced; however, no change in phosphorylated Smad1/5/8 was observed. These authors concluded that the BMP/MAP kinase axis, but not the BMP/Smad axis, was perturbed in hypoxia-induced PAH. Our data contrast sharply with those results, because we observed a dramatic reduction in both phosphorylated Smad1 and transcription of the BMP/Smad1-responsive genes id1 and id3. In contrast, only a slight reduction in ERK1/2 phosphorylation, and no change in p38 MAPK phosphorylation, was observed in whole-lung homogenates from MCT-treated rats with severe PAH. In PASMCs isolated from these rats, BMP signaling was functionally impaired (as assessed by a luciferase reporter assay), and although levels of phospho-Smad1 were dramatically reduced, no change in the phosphorylation status of ERK1/2 was observed. Thus, it appears that different BMP signaling pathways are perturbed in hypoxic versus MCT-induced PAH.
Several parallels are evident, however, comparing the MCT-induced rat model of PAH with human IPAH and FPAH. Total Smad1 levels and baseline ERK1/2 phosphorylation are unchanged in PASMCs isolated from lungs from both IPAH and FPAH patients, although levels of phosphorylated Smad1 are reduced in both disorders. 32, 33 We have observed an identical situation in MCT-induced PAH in rats. Similarly, reduced levels of both Bmpr1a 11 and Bmpr2 10, 12 have been observed in lungs from patients with IPAH, and a similar pattern is observed in MCT-induced PAH in rats, particularly with respect to Bmpr2, implicating both receptors in the development of PAH. Our data are consistent with the observation that loss of functional Bmpr2 alone is not sufficient to generate a hypertensive condition, because adenoviral delivery of the bmpr2 gene to the resistance pulmonary arteries of MCT-treated rats does not ameliorate MCT-induced PAH. 35 These observations are in agreement with the idea that PAH is a disease with multifactorial etiology, [1] [2] [3] [4] and support proposed roles for BMP signaling in the pathogenesis of IPAH. Our data also illustrate that in the context of BMP signaling, the MCT model appears to more closely mimic human IPAH than does the hypoxia model.
It has been proposed that the aberrant vascular remodeling observed in IPAH results from alterations to the balance in cellular responses to BMP ligands, which occur not through a global loss of BMP responsiveness, but rather through changes in the balance of different heteromeric BMP receptor complexes which can shift the balance from a growth inhibitory to a mitogenic response. 36 This idea has emerged, in part, from observations that ablation of Bmpr2 in PASMCs can diminish or augment cellular responses to different BMP ligands, by promoting the formation of atypical type I-type II receptor complexes. For example, Bmpr1a can form complexes with an alternative type II receptor, the activin receptor IIa (Acvr2a), 30 and BMP signals can be transmitted by Acvr1-AcvR2a complexes. Neither complex forms in the presence of Bmpr2, and these atypical complexes exhibit peculiar BMP signaling. 30 The data we present in this study indicate a dramatic downregulation of Bmpr1b and Bmpr2, although only a moderate downregulation of Acvr1 and Acvr2a, suggesting the possibility that in MCT-treated rats, the Bmpr1a is free to form alternative atypical signaling complexes with other receptors, and BMP signaling may thus be undertaken by these atypical complexes.
It has also been demonstrated that the BMP/Smad and BMP/extracellular signal regulated kinase (ERK)/p38
MAPK axes have different effects on PASMCs, with the Smad axis being growth-inhibitory and the ERK/p38 MAPK axis being proproliferative and prosurvival. Yang et al 32 demonstrated that the pulmonary vasculature of patients with both familial and idiopathic PAH are deficient in the activated forms of Smad1, and proposed that defective BMP/Smad signaling, and the consequently unopposed BMP/ERK/p38 MAPK signaling contributed to abnormal VSMC proliferation. Indeed, the pulmonary vascular medial hypertrophy associated with IPAH is believed to result largely from increased proliferation and decreased apoptosis of PASMCs. 1 Our data support a similar idea in MCT-induced PAH, where Smad phosphorylation (and thus signaling) is abolished, but ERK1/2 phosphorylation is only slightly affected in whole lung extracts, and remains unaffected in PASMCs from MCT-treated rats. This would shift the balance dramatically in favor of ERK signaling and hence proproliferation and survival of PASMCs. In support of this idea, BMP ligands induce apoptosis in PASMCs from healthy volunteers. However, the ability of BMP ligands to induce apoptosis is dramatically decreased in proximal PASMCs from IPAH patients. 33 We illustrate here that this is also true of proximal PASMCs isolated from rats suffering from MCT-induced PAH, where BMP-4 and BMP-7 exhibited a reduced proapoptotic capacity, and consequently did not suppress PASMC growth as effectively as was observed in PASMCs from healthy saline-treated control rats.
In sum, our data illustrate that as a consequence of downregulated expression of both BMP receptors and Smad proteins, the BMP signaling capacity of the lung, and specifically of PASMCs, is impaired in MCT-treated rats. These observations have important implications for the maintenance of PASMC cell mass in the lungs of rats suffering from MCT-induced PAH. As such, our data lend solid support to the proposed roles for BMP signaling in the pathogenesis of human PAH.
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